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Abstract.

The spacebornéddvanced Very High Resolution Radiome{&VHRR) sensordata recordd
approaching40 vyears,providing a crucial assefor studying longterm trends of aerosol
propertiesregionally and globally However, due to limitationsfats channelginformation
content,aerosol optical depth (AOD) dateom AVHRR over landare still largely lacking. In

this paper, we descrilgenew physicsbasedalgorithm to retrieveerosol loadingver both land
and ocean from AVHRR for the first time. The o¥a&nd algorithm is an extension of oBea
viewing Wide Fieldof-view Sensor $eaWiF$ and Moderate Resolution Imaging
SpectroradiometerMODIS) Deep Blue algorithm, while a simplified version adir Satellite
Ocean Aerosol RetrievaBOAR) algorithm is used over ocean. We compare retrieved AVHRR
AOD with that from MODIS ona daily and sesonal basis, andrfd in general good agreement
between the two. For the satellitggh equatoral crossing time within two hoursof solarnoon,

the spatial coverage of the AVHRR aerosol product is comparablatiwf #4ODIS, except over
very bright andl regions (such as the Sahanahere the underlying surface reflectance at 630 nm
reaches the critical surface reflectanBased upon comparissf the AVHRR AOD against
Aerosol Robotic NetworkAERONET) data, preliminary results indicate ttiae expeted error
confidence interval envelops around+(0.03+15% over ocean and(0.05+25% over land for
this first versionof the AVHRR aerosol products. Consequently, these new AVHRR aerosol
products can contribute important building blocks for constructing a consistertelonglata

record for climate studies.
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1. Introduction

Success irthe quest ofjuantifying anthropogenic impas on global changeaccurately
requires decaddsng observations ohtmospheric, oceanic, and land imagifigm space
Analyses ofthe longestirfearly 40yeal) daily record of imager datacquired by théddvanced
Very High Resolution RadiometdAVHRR) aboardthe National Oceanic and Atmospheric
Administration (NOAA) polatorbiting meteorological satellitegan contribute important
building blockstowardthis quest. Theinique series oAVHRR measurerants can be obtained
from NOAA-7 (launched in1981) to NOAA-19 (launched in 2009 comprised of datanainly
from two different sensors: the AVHRR/2 instrument that sgeora July 1981 to November
200Q followed by the AVHRR/3 to the presentlo retrieveaerosol properties from both natural
and anthopogenic sourcegyver both land and cean we need to first examinghe mechanical,

optical andradiometriccharacteristics ahe AVHRR sensorsThese are discussed below.

AVHRR scans mechanicallyith +55° from nadir and covera swath width of 2,800 km.
Although the native spatial resolutiam local area coverage (LAC) mode 1.1 km at thesub
satellitepoint, the actual pixel size and shape are somewhat dependent on scan laagkCT
data are resampled at ~4 km spatigotetionto give a global area coverage (GAC) data set
Within each block of three acressck scan lines by five pixels alotigack of LAC pixels, the
first four pixels in the first scan line are averaged and the other eleven pixels are skipped. Thus,
the AVHRR GAC data are a 4/15 partial sampling of every three by five pixel block, and fifteen
being close to the square of four, afeenreferred to asd km fdata. TheGAC recordfor a 24
hour period (day and nightjotals 0.6 GB, a large volume in thatd 1970s but trivial today

(Kidwell, 1997).
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To fuel the mechanical complexityrther, those satellites from NOAXK in July 1981 to
NOAA-14 in 2000 were permitted to drift in orbit, where the drift or precession was two to three
minutes per month iterms of later equatorial crossing timés turn, introducingartifacts in
AVHRR data (Kaufman et al., 2000; Tucker et al., 20@)r previos results also indicate that
this orbital drift impose significant challenggin determining trensl of aerosol dading over
land and ocean due to changes in sampling spatial cowsrigeme (Hsu et al., 2012Drbital
drift was greatly minimized after the launch of NOAA in 2000 andthe viewing geometry
informationfor these later sensors provided witln the Level 1 (1B) input files Thus, for
processinghe preNOAA K/L/M (or prior to NOAA-15) AVHRR datg we need tocalculate the
suntargetsersor geometrieglirectly from the orbital elements of the satellites. The orbital
elements, including eccertity, semimajor axis, inclination, location of ascending node,
argument of periapsis, and the anomalye obtained from the Twdine-Elements satellite
attitude data source provided by the North American Aerospace Defense Confchand

https://www.celestrak.com/NORAD/documentationfiia.asy).

The first AVHRR wasequipped with four opticathannet and wasaunchedn October
1978 on TIROSN. Subsequently the sensorwas improved to a &hannel instrument
(AVHRR/2, NOAA-7 through 14 and for the most recen-channel(AVHRR/3, NOAA-15
through 19. These bands are listed in Table 1, and tee®ngths and limitations for aerosol
remote ensing are welestablisheddf. Tanré et a] 1992;Mischenko et al., 1999 fatetaiked
discussions). In brief, with only two overlapping spectral bands available on most sensors
(channels 1 and 2 centered near 630 and 850chnfrigure 1, Table ), the ability to infer
aerosol types very limited.The spectralvidth of channel 2in particular is problematic, since it

is a broad band which covers water vapor absorption lines, meaning that ancillary information
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about column water vapor content is required to make quantitative udasoband.The
AVHRR/3 sensors included a third solar banéar 1.6 pum (channel 33) which improves
fine/coarse aerosol discrimination, although this band was inactive on many R\&dRsors

(either the 1.6 um or 3.7 pichannels were in operation, not betmultaneously)and as such is

not considered further at the present time to improve séosansor consistencAVHRR/3

also had the advantage that channels 1 and 2 were narrower and did not significantly overlap
compared to the spectral responseshalsé bands on AVHRR/2 instrumser{tf. Figure 1).
"LITHUHQFHY EHWZHHQ WKH VHQVRUVY VSHFWUDO UHVSRQVH
sensor consistency less straightforwaftle remaining three bands (channels 3b, 4, and 5),
centered near 3.11, and 12 ym, are more similar between the AVHRR/2 and AVHRR/3 series
sensors, and are of great utility for applications such as surface/cloud temperature monitoring
and detection of thermaHgctive aerosols (e.gnineral dust, volcanic ash$ince AVHRR/1 on
TIROSN and NOAA®6 hasonly 4 channels and lacks the 12 pm band, which is needed for our

Deep Blue algorithm, AVHRR measurements before the year 1981 will moinisedered

Despite these limitations, AVHRR data have been usedefvieving aerosobptical
depth AOD) by various groups. Most AOD data sets created from AVHBREFRsurements are
overwateronly, sincewatersurface reflectance in this spectradjion is low and can be modél
with reasonable accuracy as a function of rsemface wind sped. Onechannel algorithms such
as described in Rao et. 41989) and Stowe et.a(1997) use the 630 nm band (avoiding the
difficulties of water vapor absorption ima&nnel 2) but are then restricted to assuming a single
aerosol optical model everywhemghich leads to typelependent AOD biases. Twaor three
channel approaches (e.ao et al. 1989; Mishchenko et al., 199¢natov and Stowe, 2002;

Ignatov et al.2004) permit retrieval of AOD and Angstmdexponen{AE), thus providing some
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indicationof aerosol size, although the sensitivity to size remains small and there is essentially
no sensitivity to other parameters such as aerosol absorgabdation of earlier AVHRR data

sets is limited de to the sparse availability of groutrdth dataat these timesalthougha few,

mostly regional, studies have been performed &awve et al1997 Haywood et al2001, Zhao

et al. 2002, 2003, 20040ther studies have fosed on more statistical lotfgrm comparisons

with Sun photometers rather thamstantaneous matchufisu et al., 2004), or on comparison of

overlapping AVHRR time series to assess settsgensor consistengjgnatov et al., 2004).

Several attempts have also been made to use AVHRR to determine AOD ovydodand
which characterizaon of land surface reflectance preseiat significant difficulty. Knapp and
Stowe (2002) proposed a method ushAeyosol Robotic Network AERONET, Holben et al.,

1998 to estimate the surface reflectance in the vicinity of individual sites, and thetnucting
surface reflectance models as a function of land cover type. Riffler et al. (2010) taidag 45
window and essentially use a minimum reflectance technique (with an additional stratification by
viewing zenith angle) to estimate surface reflectdoce given location. Mei et al. (2014) used
ancillary surface information fronthe Moderate Resolution Imaging Spectroradiometer
(MODIS) in concert with the AVHRR 3.7um band (which iscomparativelyunaffected by the
presence of aerosols) ambrmalized Difference Vegetation IndexNDVI, Tucker, 1979 to

infer surface reflectance over China. In all cases, aerosol optical models are prescribed rather
than retrieved, due to the limited information content of the measureniats. recently,
synergistic use of AVHRR with other instruments on board the MetOp platforms has enabled
improved retrieval of AOD over both land and oc€dBMETSAT, 2016) The combination of

sensors provides additional information content for identibcatof aerosol type, and



140 discrimination between clouds and heavy aerosols, which ameliorates some isgutsof

141 AVHRR-only algorithms.

142 As a result of these obstacléshas beera highly challenging task to retuve aerosols
143 globally from AVHRR particdarly over land. Nevertheles#A\VHRR instrumentsprovide
144  valuable measurements from 1981 to the presetitne series which istherwise not available
145 from US Earth Observing SysterEQS sensorsBased uporprevious result§rom our Sea
146 viewing Wide Fietl-of-view Sensor $eaWiF$ Deep Blue aerosol products, we demonstrated
147 that an algorithm based oNDVI using a pair of red and near infrared chanrgelg, 650 and
148 865 nm close to AVHRR channels 1 andl @an be useful in determining surface reflectance
149 over vegetated land when shortwave infrared cha(sech as 2.1 umarelacking (Hsu et al.,
150 2013). In orderto take advantage of this nearlp-year longterm time series of AVHRR
151 records we develop newapproachwhich is a modified version dfhe Deep Blue algorithnto

152 retrieve aerosol properties froMVHRR over land and oceawith similar dda structures
153 following the convention of our SeaWiFS aerosol produCger ocean the Satellite Ocean
154  Aerosol Retrieval (SOAR) algorithm, which has begplied to SeaWiFS and Visible Infrared
155 Imagining Radiometer Suite (VIIRS) measurements (Sayer et al., 2012&g),231likewise
156 adapted for use with AVHRR to complement Deep Blue by providing coverage over water
157 surfacesLike SeaWiFSasAVHRR LAC dataare not available everywhenee use the GAC

158 datain retrieval processinfpr consistency between satellite platforms.

159 Sensorradiometriccalibration plays a key role in constructing letegm climate data
160 records. This is particularly importafor this study since there is no @oard solar band
161 calibration for AVHRR. Various approaches have been applied to characterize the absolute

162 calibration and oorbit degradation of the instruments. Thisfiversion of theAVHRR Deep
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Blue data products uses thalibration of Vermote and Kaufman (1995), which is also used for
15637V @RQNDVI time series data products.g. Tucker et al., 2005)/ermote and

Kaufman (1995) provide a methodology for the absolute calibration of AVHRR bands 1 and 2,
which is repeated through time to monitor and correct for the degradation of these bands on
orbit. A first step uses views of igp OWLW XGH EULJKW FORXGYV DV HZKLWHY
a relative calibration between the two bardisecond step determinas absolute calibration of

channel 1, using offiadir pixels over ocean where the aerosol load is low and Rayleigh signal
comparatively high. This absolute channel 1 calibration can then be transferred to channel 2
using the cloudlerived relative calibraan between these band3ther methodologies have been
explored (e.g.Heidinger et al., 2002; Wu et al., 20Bhatt et al., 2016), and the use of their

calibrations will be investigated for future versions.

In this paper, we describe the details of thesw extension of our Deep Blue/SOAR
algorithms toAVHRR. Section 2 summarizaébe methodology of the owand and ovekvater
algorithns, and detailed changes made in each key coemocompared to thether
applications of Deep Blue and SOARection 3 iustratesthe results of thelaily and seasonal
aerosol products generated from the new algostamd their comparisons with those from
MODIS. Finally, we show provisional Vidation of the new AVHRR Deep Bluproducts in
Section 4, followed by some conesions in Section 5This paper focuss primarily on the
discussion of retrieval algoritrsnwhile a detailed eviation of the AVHRRDeep Blue aerosol
product performare using AERONETand othermeasurements provided bya companion
paper Sayer et al. (2019. In this study, we use data fromVAIRR/2 on NOAA-14 and
AVHRR/3 on NOAA-18 to demonstratéts capability of processing both older and newer

AVHRR instruments, although this algorithm can be appl@dther AVHRR sensors from



186 NOAA-7 to NOAA-19 as wellAVHRR AOD data have been processed using these algorithms
187 for parts of theNOAA-11, NOAA-14, andNOAA-18 missions; more informationncluding

188 download linkscan be found dittps://deepblugsfc.nasa.gav

189
190 2. Descriptions of AVHRR Aerosol Retrievallgorithm

191 To retrieve AVHRR aerosol properties over larghd oceanwe employthe Vector
192 Llnearized Discrete Ordinate Radiative TransféLIDORT; Spurr, 2006)radiative transfer

193 modelto compute the reflected intensity field, which is defined by

Aciea;

— (1)

194 'JA,E L
195 whereRis the normalized radiance (or apparent reflectatea¥ the extraerrestrial solar flux,
196 | is the radiance at the top of the atmospli&€@A), | is the cosine of the view zenith anglg,
197 is the cosine of the solar zenith angle, afisithe relative azimuth angle between the direction of
198 propagation of scattered radiation and the incident solar diredtios.radiative transfer code
199 includes fll multiple scattering and takes into account polarizatidsing VLIDORT, lookup
200 tables(LUTs) were generated based upthe spectral response functions of a given AVHRR
201 sensor ¢f. Figure 1) for different solarkiewing geomeies and underlying surfacdand and

202 ocean)oundary conditionfor aerosol retrievals

203 However, lefore the retrieval, thAVHRR TOA reflectancesnust first becorrected for

204 absorption by ozone, water vapor, and weiked gaseqdetails described by Sayer et.al

205 2017a). For this nitial version of the data set, gas absorption coefficients from Ignatov and
206 Stowe (2002) for NOAALS were used (since these values are close to average of those reported
207 Dby that study foNOAA-11, -14, and-18), scaled to account for total column ozond water

208 vapor read in from the MERRAZ2 reanalysis (Bosilovich et al., 20b5addition for our over
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water retrievalsnearsurface windspeed from MERRAZ is used to take into account the tsffec

of oceanic whitecaps and Sghnt strength adequatelgsin prior applications of SOAR (Saye

et al, 2012, 20173). After the gas absorption correction, the processing stream is subsequently
split into land or ocean algorithm, according to the MODIS land/sea mask, to account for the
underlying surface boundary conditions in the LUAdvantages of MERRAZ2 include thdtis
available for the whole AVHRR recardvhich enables consistency between processing of
different AVHRR sensorsand is at a higher spatial resolutidh625 longitude,0.5° latitude

than some otheeanalyses.

2.1 Land Agorithm (Deep Blue)

Similar to aur SeaWiFS/MODIS algorithpbefore the aerosol retrieval is perfard, we
first screen out the pixels contaminated by the presence of cloudsto the lack of the blue
bands and 1.38m cirrus channel for XHRR, the previous MODIS cloud screening mochas
been modified to account for the band differences. The schematic diagram of the AVHRR Deep
Blue cloud screenmscheme is depicted in Figure\We utilizeall of the bandshat are available
for both AVHRR/2 and AVHRR/Jrom visible to thermal infrared wavelengths to fully take
advantageof the spectral information provided by the AVHRR sensor for detecting cléwsds.
shown in Figure2, instead of using the 412 nm channel (available to MODIS and SeaVdiFS),
spatialvariability filter based on the TOA reflectaa at 630 nm (R630) within a>x33 pixel area
is employed for AVHRRAIso, in order to account for the dynamic range of surface reflectances
at 630 nm over differergcosystenmypes,different threshold valueagre aplied over darker and
brighter surfaces. Based upon extensiveess, this method is robust iiiitering out puffy(e.g.
cumulus) clouds as well as cloud edgeShecks on brightness temperature (BT) at 11 pum

(BT11) have been implemented in conjunctionB(T difference (BTD) between 11 and 12 pm
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(BTD11-12) tests to effectively detect highor opticallythin clouds. Finally, in order to
distinguish the heavy dust plumes from clouds, we also adopt a heavy dust flag so that the
processing stream will bypat®e cloud screening module wherstis triggered (i.e., BTD1112
<-1.5K). These thresholds are empirical, adapted for AVHRR from our prior implementation of

Deep Blue to MODIS (e.g. Hsu et al., 2013).

The aerosobptical models used in our AVHRR algdmnith are in general consistent with
those in the MODIS and SeaWiFS Deep Blue algoritbinHsu et al., 20042013for details).
However, there have beem number of changes made in oAWHRR surface reflectance
determination scheme toaccommodate the charnalifferences between AVHRR and

SeaWiFSMODIS. These changes are summarized below.

2.1.1 Determination of Surface Reflectance

As demonstrated in our previous results (Hsu et al., 2013), the calculation of surface
reflectance plays a key role in the accuracyhef retrieved aerosol properties. Since AVHRR
has limited channels compared to lataore advancedensorsuch as SeaWiFS amdODIS,
the previoudDeep Bluesurface reflectance determination scleemeeds to be modified. Figure 3
depicts the flowchart ofudr AVHRR surface reflectance estimation moddlee details of each

component are described follows:

2.1.1.1Deep Blue Surface &abase

For urban, dry, and transitionalland surfaces similar to the SeaWiFS/MODIS
applications, alatabase method is used foredatining surface reflectanc&his was compiled

based upon the minimum reflectivity method at @dsolutionfor each season using AVHRR
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TOA reflectance at 630 nnfcf. Hsuet al, 2004for details).In brief, this approach is designed to
seek the minimunRayleighcorrected TOA reflectance for a certain period of time at each
location, and usesighas a proxy for surface reflectance. In order to consérsatface database
for AVHRR, we first apply various tests tter out pixels contaminated bthe pesence of
cloudsusing cloud screening scherdescribed aboveReflectancesvhich pass these tests are
then corrected for the contribution from molecular (Rayleigh) scattering ardaged into a
daily mean for ajiven gridcell. Finally, the surface reflectance values in the AVHRR database
are calculated by a seceondder polynomial fit through the lowest 15 percentilepoints in a
given grid cellagainst the scattering angles these observationshe scattering angle4) is

defined as

#L .. % F.. '4..'aEecooca..'®; (2)

ZKHUWH D Rdaee the solar zenith, sensor view zenith, and relative azimuth angles,
respectively.These angular curve fittings cfurface reflectance are performied each NDVI

group (NDVI < 0.18, 0.18” NDVI < 0.35, or NDVI ¢ 0.35) collectedin the givengrid cell,
providedthat a sufficient sample sizeQ®r more points) is acquireBased on prior experience
with SeaWiFS and MODIS, this approach and fit type was found to be able totelscoapture

the main angular variations in surface reflectance.

Figure 4 shows thederived global 630 nm surface reflectance mapsNQAA-18
AVHRR, based upon fivgears (20062010) of AVHRR data, for each season using the above
approach.Due to limited AVHRR channels and information content the surface database is
constructed oveboth land andcean in order to help identify the turbid water fioe SOAR

algorithm (Sction 2.2. For the AVHRR ovefland algorithm, the surface reflectanas
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277 determined usigp the database approaokier moderately bright arid and urban regions where
278 630 nm sirface refletance is betwee0.15 and0.30 (Figure 3). As discussedh e.g.Hsu et al.
279 (2004) and Seidel and Popp (2012Zerosol signals diminiskvhen the surface reflectance
280 readesthe critical surface reflectance; for the 630 nm wavelength this inclodes/arid and
281 semtarid regionssuch as parts of the Sahara Desert and Arabian Peninsula, as well as snow/ice
282 covered landOver these types of sudes we cannoaccuratelyetrieve aerosol properties using
283 measurements from singlgew satellite sensomsith this wavelength However,630 nmsurface
284 reflectances ovearid regions in China and Mongolia are not as bright as thase Sahara and
285 Arabian Peninsulaandarein general less than 0.3Bigure4). Consequentlywe exclude pixels
286 over the deserts and sedeserts in North Africa for retrievals, but include those over dry
287 regionsin China and Mongoliavhere the surfaceeflectance at 63@m is below the critical
288 valuesand thussuitable for aerosol retrievalBinally, if BTD11-12is more negativéhan-1.5K,

289 AOD retrievalwill be performedregardless of surfacndition, since for thick dust plumes the
290 majority of the satellite signal comdsom atmospherda=igure5 showsthe geographicegions
291 wheredifferent approaches are used for surface reflectance. As desabbedthe database
292 method is usedver urban, dry, otransitionalland surfaces, while a NDVI mettdintroduced

293 below) is used over vegetated areas.

294 2.1.1.2Vegetated Land Surfaces

295 The phaological cycle of vegetation (growth and senescence) means that the reflectance
296 of vegetated surfaces can vary rapidly, particularly compared to barren surfaces such as deserts.
297 Therefore, it is important to determine surface reflectance at a high temporal ioestdut

298 minimize errors in AOD related to changing surface characteristics. In this regard, the AVHRRS

299 have a weakness compared to the MODIS and VIIRS sensors, in that the latteclvde



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316
317

318
319

320

321

322

323

14

shortwave infrared (SWR) bands, useful for estimating surface relzderistics on an
instantaneous basis, which AVHRR lacks.

SeaWiFS has a similar limitation. Howevéiased uporour previous SeaWiFS Deep
Blue retrievals, we found thathe NDVI can serveas a useful proxy to estimate surface
reflectance, making it posse to instantaneously derive surface reflectance and thus AOD in
both blue 490 nm) and red (670 nrbands Hsu et al., 2013Sayer et al., 2012bAlthough the
670 nm AOD showed aAOD-dependenunderestimation, the 490 nm AOD, which showed
negligible bias, could be used to correct the 670 nm AE®. AVHRR, aur preliminary
investigationgnot shown) suggested ththe NDVI approach resulted in a more significant bias
in 630 nm AOD than SeaWiFSirge there is no additional band in AVHRR to correct for the
bias (unlike SeaWiFS), weave developed a modifiédDVI-basednethodto determine surface
reflectancdor AVHRR, which mergeheuse of NDVI withthe concept ominimum reflectance
approactusedin our DeepBlue surface database construction mentioned above

Although similar tathe minimum reflectance techniqubis method utilizediDVI rather
WKDQ 72% UHIOHFWDQFH ZKHQ GHWHUPLQLQJ WKH-pFOHDQ
corrected NDVI NDVIRg) is defined as

0 & Bkl EAIIUL ?ERTdIUI o

Eatdiui. >Eaidioi -’

where Rcmndiand Rremndzare Rayleigkcorrected TOA reflectansén bands 1 (630 nm) and 2
(850 nm), respectivelyThe use of NDVI is to avoid extra dimensions for observation geometry
when deriving surface reflectance, thereby minimizing the search winSimwe the surface
reflectance is strongly dependent on observation geometry, the minimigotaiete only

represents surface reflectance for the specific observation geometry for which the minimum
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reflectance is observe#tigure6 shows AVHRR Rayleigitorrected TOA reflectance in band 1

and NDVk for two consecutive orbits on a relatively cleday over the U.S. The NDW{

exhibits a much smaller dependence on observation geometrthth&ayleighcorrectedT OA
UHIOHFWDQFH LQGLFDWLQik. ddud@iée, lowQNdD)@dh IFeRAQdSdnWl R Q V
compositing only temporal samples for NDW, ¢ontrast to needing both temporal and angular
samples for the TOA reflectance. This is because the ratio in the NEMItion decreases the

angular dependence of the signal.

Consequently, the surface database is created by searching for maximum NDVI (a
maximum NDVI corresponds to minimum band 1 surface reflectance) in eagday3@mporal
window and 0.1% 0.1° grid box. The dates of the maximum NDVI are also stored to interpolate
(linearly) the NDVI values for the dates in between. The surface rafleet in band 1

(42 uo a5 can then be calculated as

4z U0 a5x %M%dmaa (4)
where 0 & 845 ¢ 6 ¢ é$allpe maximum NDVktored in the databas@&s can be inferretfom Eq.
(4) the angular dependence of the 630 nm surface reflectance is described by the instantaneous
850 nm TOA reflectanci this approachFigure7 shows the 3@lay maximum NDVI database
created for the year 2006 and four day of year (DOY) windo®8, ©1120, 181210, and 2741
300, representative for boreal winter, spring, summer, and fall, respectively. The seasonal
variation and spatial pattern of NDVI indicate reliability of a-&% window. We also
investigated (not shown) temporal windows betv&® and 45 days, although neither showed
superior performance over the-88y window in every aspect. Shorter temporal windemsi¢d

towardan underestimatiom AOD due to the remaining aerosol signal in the NDVI database,
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while longer temporal windows tended towardverestimation by choosing more densely

vegetated conditi®sthan representative for the bulk of the period.

Since the NDVI database is susceptible to the residual aerosol signal on the day chosen
for the database, an aerbsmrrection needs to be applied to the database to alleviate the
aforementionedinderestimation in AOD. To this end, atmospheric correction is performed for
AVHRR band 1 and band 2 TOA reflectances to derive atmosjoerected (for both Rayleigh
and aeosol contributions) NDVI, denoted NDW, and compare with NDW. AVHRR
observatios are collocated with AERONESites over North America for the period from 2006
to 2011 with a spatial window of 0.1° in latitude and longitude and a temporal window ir80
Then, the atmospheric contribution to TOA reflectance is removed usingivedieansfer
calculations utilizingthe AERONETobserved spectral AOD as input. For AERONET, cloud
screened and qual#gssured kvel 2 direct Sun measuremersnirnos et al, 2000; Holben et
al., 200§ were used, and AOlt AVHRR band 1 and 2 were derived from the spectral AOD
and AE over the 44870 nm wavelength range. The comparison between NPAAd NDVk.

provides useful information for the aerosol correction scheme.

Figure8 shows differences between NDQland NDVkc as a function of 550 nm AOD,
NDVIgc air mass parameteAMP, V HF< V HJ and scattering angle, which are factors on
which the aerosol signal is dependeXiso shown are the differences after appyicorrections
for aerosol signalslescribed hereThe NDVI differencesefore the correctionseveal that the
aerosol contamination in the NDMlis strongly dependent on AOD and results in negative
biases. Relatively weak dependences are also found af, MMP, and scattering angle. It
should be noted that in addition to the strong dependence on AOD, the absolute difference

between NDVk. and NDVIy. generally increases with increasing NDVI and decreasing
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scattering angle up to ~120°. The dependenc@MR is less significant. This is because both
increasing NDVI and decreasing scattering angle enhance the aerosol signal at a given AOD, due
to increasing contrast between aerosol and surface signals, and increasing aerosol scattering
intensity, respectiyg. By the same reasoning dependence oAMP is also expected (due to
increasing aerosol signal with air mass), but the dependence is much smaller than those of the

other parameters. This is likely due to the contextual characteristics of the biassitdtye

Trial and error based on the median differences between NR¥Wd NDVIa. leads us to

the following correction equations:

JRU VFDWWHULQJ DQJOH - f
0&8pkmasapobdk& 8eE TAUE r& wH: S;?H#1 &g4HO & 8y (5)
For scattering angle < 120°,

0&8etpasapobdkd BeoE TAUE r&wHk SOErduH:StriF #;?H#1&g4H 0 & 8:+6)

It is found thatthese correctionsignificantly improvethe medians and central 68% intervals of

the NDVI differencegi.e. medians closer to zero and spread of distribution smaller)

,Q DFWXDO LPSOHP H QakbrovndRAD value® & ¢inqt Alall Xk ffor each
location and time, a monthly AOBlimatology (one value for each of the 12 calendar months,
not one value for each month of the satellite record) is createdthsiAgua MODIS Collection
6 Deep Blue AOD product. Specifically, th8 percentiles of 13ear Level 3 daily AOD record
from 2003 to 2015 in each 1° x 1° grid were chosen to represent the background AOD and used
to correct the NDVI database usiggs. 6) or (6) depending on scattering angle. It should be
noted that the climatology was created in a way to correct the NDVI datab@arginal amount,

such that the different spatial resolution between the NDVI database (0.1°) and AOD
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397 climatology (1°) did not generate a noticeable checkerboard pattern in the spatial distribution of

398 AOD. Likewise, it is expected that the use of agBnmonthly climatology for the entire

399 AVHRR record would not lead to significant biases. Note that this does not mean that the

400 02',6 'HHS %OXH UHFRUG pIHHGY LQYT WR WKH $9+55 UHFRUG
401 correct the background AOD for the NDMatabase calculation as described above. Other

402 aerosol data sets could in principle be used to create this background AOD climatology instead.
403 In this way the actual AVHRR AQOD retrieval remains largely independent of the MODIS Deep

404 Blue AOD retrieval.

405 The performance of the surface reflectances derived from the NDVI database is evaluated
406 by comparing against the atmosphericaiyrected TOA reflectances calatéd aboveHere

407 data with550 nmAOD from AERONET< 0.2areonly comparedo minimizeuncertainties in

408 the atmospheric correctiggrocedureAs shown in Figure Sthe NDVI databaseerived surface

409 reflectances (estimated surface reflectances) arecaeklated with the atmospheterrected

410 TOA reflectances (benchmark surface reflectansegjeneral, showing rogheansquare error

411 (RMSE) ranging froml.70% to 2.67% and mean bias (MB) frorn0.38% t0-0.924 (excluding

412  winter due to the small number of data points). This performance is more than acceptable given
413 the fact that the surface reftances for AVHRR are from a database at al&80temporal

414 resolution rather than instantaneous values (although interpolated between nodes). The outliers
415 (with low number density) are largely due to this temporal limitation of the database approach.
416 These outliers are from a few locations at which the database method is less optimal, and thus
417 would not significantly affect a larggcale view of the aerosol produEbr instance, AERONET

418 sites located near croplands, suclBasdville (lllinois, U.S.) andegbert (Ontario, Canada), and

419 near complex environment, such as Billerica (near Boston, th8tjibute toa large portion of



19

420 the outliers. It should be noted thatthe Level 2aerosoldata producthe effect of theoutliers
421 especially due to spatisdhomogeneitywould be mitigatedby the spatiabggregation2 x 2
422 pixels) asFigure 9 compares data at different spatial resolution$ {Orlhe surface database,

423 L1B resolutionfor the benchmark).

424 The application of oulNDVI-based land algorith is limited to certain surface and
425  viewing geometryconditions,due to the use of single 630 nm band in retrieving ADRrough
426 extensiveinvestigation on retrieval sensitivities and error characterigtficAOD, we have

427 choserthefollowing procedureto select retrieval pixeffor this approach

428 i) 630 nm surface reflectance is lower than Q.1d&nd International Geospheigiosphere
429 ProgrammeIGBP) land cover typgFriedl et al, 2010)is QRW FODVVLEhdEnd3fv pRSHQ
430 pJUDVVODQGVY Bétausp ROmRrsteaDIénsitivity decreases witheasingsurface

431 reflectancedata are excluded whearface reflectance is too high.

432 i) If IGBP land cover type falls into the three categories,iair mass factor needs to be higher
433 than 2.5 in addition to the surface reflectance criterion for the pixel to be eligible for retrieval. It
434 is found that AOD retrieved ovénesethree land cover typemre less accurate comparedhat

435 over other land @ver typesmainly due to higher surface reflectance val(@though less than

436 0.15) andhigher uncertainty of estimating surface reflectance over these regiossrequires

437 theadditionalfilter to only include data with higlsignatto-noise ratio, whsh reducesrtificial

438 hotspotsresulting fromerrors in calculatedsurface reflectanceombined with weak aerosol

439 signal.

440 2.1.2 AOD Determinatiorand Extrapolation to 550 nm
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After the surface reflectance is determined based upon surface types as descvaecd
amaximum likelihood method is us&dth pre-calculated LUT<0 match the apppriate values
of AOD tothe measured reflectanceem AVHRR, based on these surface reflectances and the
aerosol optical modelas used for other satellite sensors (étsal., 2004)This is the same basic
approach as used for SeaWiFS/MODIS Deep Blue, except fadiffieeent available spectral
bandsNote that he 630 nm band is used for the inversion, and thus the retrieved A€)¥d &

630 nm.For details bthe algrithm see Hsu et al. (2002013)

Since 550 nm AOD is the primary product of the Deep Blue algorithm for other satellite
sensors, and is widely used within the aerosol commumhi&630 nmAOD is extrapolated to
550 nmusing an AE climatology This saves the data user from having to perform such an
extrapolation themselvesThe climatology iscreatedfrom the full Level 2 AERONET record
availableat the present time. Specifically, mwgar nonthly median440-870 nmAE values at
each AERONET ite are calculated based on daily median valwggen the numbers of data
points are higher than 5 for both the daily and monthly calculations. The monthly climatology is
then eyandedglobally to a 1° x 1° gridusing exponentially weighted mearof the melians
from the AERONET sitesFor the weighting factoe-folding lengtts of 500 km for longitude
and 250 km for latitudare usedto account for prevailing zonal windser the globg It was
found that the backgroundAOD from AERONET can be accurately interpolated regardless of
the e-folding length in the range of 11000 km (Zhang et al., 201,63lthough the error can
increase over areas where AERONET sites are dpatstributed It should be noted that the
single channel retrievaf AVHRR leads us to using seasonal aerosol opticalodelin each
geographic regiomather than retrieving in each pixel such that extrapolation of AOD using

the optical models is not optimal.
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2.2 Ocean Agorithm (SOAR)

The overwater AOD retrieval idased on the same SOAIRyorithmapplied previously
to SeaWiFS and VIIRS observations, simplified to account for the more limited measurement
capabilities of the AVHRR sensors. Full details of SOAR are provided by Sayer et al. (2012a,

20173), and a summary of key pointstslow.

2.21 Selection of Suitableifels

Pixels contaminated by Stgiint, clouds, or suspected of excessively turbid water are
excluded from processing; Sgiint masking is as described in Sayer et(2012a) but clod
and turbid water masks are different due to the different spectral bands available to AVHRR.
Pixels are identified as cloudfythey are either brighb@nd 1TOA reflectance > 0.08), cold (12
um BT < 270 K), or heterogeneous X33 pixel standard devi@n of TOA reflectance >005
for either band 1 or band).ZTo minimize contamination from undetected cloud or 3D effects,
pixels adjacent to a pixel identified as cloudy are also excluded. These thresholds have been
determined empirically and tested tcsare both few false negatives (i.endetected cloud) and
positives (i.e.overscreening of aerosol plumes).

Pixels are identified as persistently turbid (or potentially Jeotaminated) and
excluded if the seasonal Deep Blue surface reflectanabadatvalue at 630 nng above 0.06
(Section 2.1.1.1)This typically remove®-2 pixels on some coastlines, except for areas of
largerscale turbidity such as the Bay of Bengal or mouth of the AmBagear. If such pixels are
not excluded then the effect aspositive bias in retrieved AOD, as AVHRR unfortunately has
insufficient information content to easily distinguish between turbid water and elevated aerosol

loading.



487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

22

2.22 PixelLevel Retrieval

As with prior applications of SOAR (Sayer et,&012a 2017a), individual pixels are
used to retrieve aerosol properties in a multispectral weightedsigaates fit of observed TOA
reflectances against poemputed alues stored in LUTSThe SeaWiFS and VIIRS applications
simultaneously retrieved the AOD at 58 and fine mode fraction (FMF) as well as the {i¢st
aerosol optical model (which consists of bimodal size distribution parameters and spectral
complex refractive index), from which other parameters like AE can be derived in-a self
consistent manner. Asnly two measurements are available for AVHRR, only the AOD and
bestfit aerosol optical model are retrieved and the FMF is fixed for each aerosol optical model.
The LUT is generated with the VLIDORT radiative transfer code (Spurr, 2006) and aerosol
modelinformation is provided in Tabl2 (including references for optical model parameters)
Use of these models keeps a level of consistency with other applications of SOAR: other over
ocean AOD retrievalfor AVHRR typically retrieve AOD and AE but assumestiame aerosol
size distribution/refractive index globally (e.dMishchenko et al.1999; Ignatov and Stowe,

ZKLFK LV D VOLJKWO\ GLIIHUH Qyvallbvs ®idriorekilewbitityD H U RV R

in distinguishing lowAOD conditions between opeoceans and continental outflow regions,
where FMF may be different (e,gmirnov et al. 2011), there are two maritime models with
different FMF permitted (but otherwise the same AOD range and modal optical properties).
Different LUTs are calculated foeach AVHRR sensor, as tle central wavelengths and

bandvidths are different (e.gTanréet al., 1992).

The ocean surface reflectance model used is described in SaygPet&d), which is an
updated version of that from Sayer et (@012a), incorporating more recent measurements of

optical characteristics of water and pigments. Adaflorophyll concentration (mg ) of -0.5
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510 is assumed, although the surface reflectance over AVHRR bands is only weakly dependent on
511 this over the nage of typical oceanic chlorophyll concentratioAs. such this approximation

512 should add negligible (<0.01) additional uncertainty in retrieved AOD.

513 The retrievalminimizesthe sum of the squared deviation between measurements and
514 LUT values, weighted byssumptions of the uncertainty in the AVHRR bands (from calibration,

515 JDV FRUUHFWLRQ DQG WKH | R U Z D U G stk HeferredStt) &sYtheG LQJ H
516 retrieval cost. At present these relative uncertainties are assumed to be 3% for bara)% and

517 for band 2; this deweighting of band 2 is to account for the greater calibration and gas absorption
518 uncertainties with this band. As a result the AOD is mostly determined by band 1, while band 2
519 provides some constraint on béistaerosol optical modeln version 1 of the AVHRR data set,

520 the TOA reflectances have also been scaled for NQAAby 0.95 and 0.89 for bands 1 and 2)

521 and NOAA18 (by 0.97 and 0.95) based on validation against AERONET and examination of
522 maps of aerosol model choices. Thisais empirical step taken as a fipaiss to decrease

523 potential systematic uncertainties related to the sensor calibration used and trace gas absorption,
524  which will hopefully be improved upon for future versions once the different available- multi

525 sensor AVHRR calibrations have been evaluated for aerosol procedsdotg. that the NASA

526 NDVI products which also use the Vermote and Kaufman (1995) calibration methodology also
527 apply further empirical corrections, although at the NDVI stage rather than the letadel s

528 (Tucker et al 2005and references thergjrso suchadjustments are not unpreented.
529 2.3  Aggregation to 2 Cell Resolutionand Quality Fags

530 Over both land and oceanftea the retieval, the AOD and other parameteare

531 aggregated to®2 p F HeSdlufion, which ighe output resolution for theelvel 2 productand
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532 corresponds to approximately88x 8.8 km? horizontal pixel size at the stgatellite point

533 (although see prior discussion on LAZXKC sampling) The median of all retrieved quantitiess

534 taken (to reduce sensitivity,te.g, any residual cloud contamination) from the up to 4 available

535 pixels. Over oceanthe aerosol model with the lowest el YHUDJH FRVW LV FKRVHQ
536 solution, and thiss reported in the ével 2 product. Té main retrieved quantity is the AOD at

537 550 nmand AVHRR band 1; over ocearelated information derived from the aerosol optical

538 model (AOD at AVHRR band 2, FMF, and AE) are also provided.

539 Following the convention used in MODIS/SeaWiB®&ep Blue products, thquality

540 assuranc€QA) flags in AVHRR Level 2 data also have 4 different levels where QA=0 indicates
541 no retrieval,QA=1 indicates a possible problem with retrieval, and 2/3 indicate moderate and
542 high quality (i.e, no reason to spect a problemjespectivelyNote that over oceathere is no

543 QA=2 category Over ocean, &ell is assigned QA=3 if the retrieval cost is less thgne5 a

544 good fit between measurements and foraateled reflectances was obtaineat)least 2 (out

545 of 4) pixels within the cell were used in the retrieval, and the AOD standard deviation in the cell
546 s less than 1. In practice the requirement for at least 2 out of 4 pixels is the most resinetive.
547 land, the AOD standard deviation requirementsigcter (0.35 and 0.20 for QA=2 and 3,
548 respectively), due to the greater difficulty in AOD retrieval over land, and the pixel count
549 requirement is the same as over oc&amce potentially there still could be cloud contamination
550 in the QA=1 cellspnly QA=2 or 3 cells are propagated inte\el 3 aggregated datand in

551 general only QA=2 or 3 retrievals should be used for most applications

552 3. Results and iBcussios
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Figure 10 illustrates one ofthe examples of our AVHRRAOD productsand its
comparison with MODIS Aquaver South Americaas well as the surrounding waten
September 7, 2006or MODIS, ovedland data from the &pBlue algoiithm are used (Hsu et
al., 2013;Sayer et al., 2013). Overater, the DarkrargetMODIS ocean rigieval product (Tanré
et al.,, 19971 evy et al., 2013) is useds SOAR hasot yet been applied to MODI®ur newly
developed AVHRR algorithm, sk in FigurelO (c) extends the spatial coverage of current
AVHRR AOD products, which are only available esvwatr, to theland surface types. The
AVHRR data shown here are bdsapon measurements frodMOAA-18 with a local solar
equator crossing time of ~2:00 pm, which is slightly later than the 1:30 pm equator crossing time
for Aqua. Nevertheless, the areas of hAydD in our AVHRR imagecorrespond well to the
smokeplumes visible in the MODIS trueolor image, capturing the hea smoke transported
southward We also compare th&OD values at 550 nm derived from our AVHRR data with
those based upon the MODIS/Aga&rosol retrievals for the corresponding das,shown in
Figure 10 (b) The results indicate that th®OD values fromthese two sensors are quite

comparabledespite their differences in observation time

We also examinedlgorithm resultsover Asia, which often exhibits the most complex
aerosol conditions observed, with a mixture of dust and fine mode pollution gmrtdhe such
exampe, shown in Figurell, is for April 16, 2006 On this day, a transported dust plume
observed ovewestern and central China around® 40 80°#A14°E occurrel as a result of a
springtimedust outbreak event ovéne TaklanakanDesert as well athner Mongolia. While
this plume was well capturedy our AVHRR datathe spatial coverage is sparser over arid
regions around 40N, 80°A05°E compared to the MODIS dat&his is due to the use of air

mass filter applied to the AVHRRetrievals over arid areaBast of this dust plume, the region
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was covered by widespread fine mode pollution extending all the way to the East Charal Sea

the Yellow Seathe elevated AVHRRAOD values over this area reflect this.

In addition to the dayl data, we also compare the AVHRR and MODIS products on the
seasonal basiszigure 12 providesthe maps ofseasonal averagedlOD from both AVHRR
(NOAA-18) and MODIS (Aqua These compositewere created by taking dailyetel 3
products, and then averagitigese first to monthly, and then monthly to seasonal, time steps. To
stop poorlysampled grid cells from introducing potentially significant sampling error into the
comparison, a daily grid cell was considered valid for an instrument if it containedstblea
retrievals passing QA checks, and a grid cell was considered valid on a monthly basis if it
contained at least 3 valid days. These thresholds are somewhat subjective but, particularly for

cloudy regions, provide a reasonable balance between datageard sampling representivity.

As shown in Figurd 2, bothAVHRR and MODISreproduce the same major spatial and
seasonal variations in aerosol loadikRgr example, there were intenwild fires overSiberia,in
the summer of 2006, prodaug heavy smok@lumesall the way into the Arctic Ocean, asen
in the retrievedlune July-AugustAOD mapsfrom both sensorsThe patterns of elevated aerosol
loading due to anthropogenic air pollution in East Asia and South aksialso clearin both
sensors throughouhe yearThe seasonatorth-southmovement of the Saharan dust transport
displayedn the AVHRR maps is also in agreement with that in the MODIS niMpee detailed
comparisons with the MODIS aerosol products are provided in the companion paper,tSayer e

al.( 2017D).

Seasonal means can be influenced by sampling frequency of the given dataset. AVHRR

and MODISsensors have (to a first orderindiar swath widths and similardvel 2 pixel sizes,
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so it would be expected that sampling frequies would besimilar. Figure 13onfirms that on a
general basis this is indeed the case, and also reinforces the extent to which cloud cover,
snow/ice, and polar night can limit coverage from all instruments of these types (many grid cells
have fewer than 25% of dapsoviding data within a season). Overall AVHRR coverage, while
sharing similarities to that of MODIS, is often around 10% less frequent. This is due to the more
limited information content of the sensor, meaning that cloud screening and QA checks are
strictcer in AVHRR to minimize the chances of pajuality retrievals propagating into the data
product. Coverage in the Sahara and Arabian Peninsula is also limited or absent in AVHRR, as
this surface is too bright in most cases to perform an AOD retrievaltfnsrype of sensor from

the available band&Section 2.1.1)In AVHRR coveragesparse regions such as this, sampling
differences are also therefore likely to be playing a role in differences in the seasonal AOD

observed by the two sensors.

Figure 14 show a comparison of multiannual mean AOD at 550 nm from our NOAA18
AVHRR, SeaWiFS (version 4), and MODIS Aqua (Collection 6) aerosol products for their
common overlap period (20a810). Note the MODIS ocean data are from the standard Dark
Target group oceaproduct (Levy et al., 2013ptherwise, all land data shown are Deep Blue,
and ocean data are SOARmilar patternsn the mean AODare seen in all data sets. MODIS
has the highest coverage; AVHRR has more gaps due td th€ VR UV OLPLW@EINELRQV D\
aerosol signabver the brightest desert surfaces, as discussediell as the more conservative
cloud screening (due tmore limited spectral channglseducing coveragever tropical forests.

SeaWiFs has similar clotgtreening limitations due #lack of any thermal IR bands. SeaWiFS
also, at this point, represents the oldest of the three Deep Blue algorithm versions and has some

additional coverage gaps because of this (Sayer et al. 2012b; Hsu et alS20i8)differences
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in AOD magnitudes mult, as in the seasonal comparisons above, from these sampling

differences.

Over water, theAVHRR and SeWiFS data are quite comparable. Validation exercises
have shown thaboth have neazero biases in opeocean conditions, and slight negative biases
in highAOD conditions (Sayer et al. 2012a, 2017b). Over ocean MODIS shows the same spatial
patterns but with a generally higher AOD. As noted, this is not from the SOAR algorithm. The
standard MODIS Collection 6 owecean AOD product is known to have apiwe bias in low
AOD conditions (of order 0.60.02; Sayer et al. 2012d, Levy et al. 2013), and a more variable
positive bias in dusiaden conditions due to the lack of a repherical dust optical modé.g.
Mishchenko et al., 1997, Levy et al., 208&nks et al., 2017, Lee et al., 201Therefore, these
patterns are broadly consistent with the known characteristics of each dateddigbnal

comparisons are provided in the comparison data set evaluation paper, Sayer et al. (2017b).

4. ValidationaganstAERONET AOD

Figure B showsscatter density plotproviding a global sumrary of the validation of
AVHRR retrievalsbased upon 6 years (202611) ofNOAA-18 data and 5 years (199999)
of NOAA-14 data over land and ocedfor NOAA-18 a total of 40 sites contributed to over
ocean data, and27 over land data for NOAA-14 the numbers are 20 and 123 respectively
Because there afewer AERONET sites before the year 2000, fewer matchup data points are
found forNOAA-14 compared to those fdlOAA-18. Full details of the validation are provided
by Sayer et al(201d), but a summary is given here. AVHRR and AERONET data are
compared using the standard technique of averaging satellite data within 25 km of the

AERONET site and AERONET data with30 minutes of the satellite overpass, to decrease the
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effect of spatiotemporadampling differencesThe AERONET directSun Version 2 kvel 2
(cloudscreened and quality assured; Smirnov et al., 2000) data products are used. This
comparison shows ressltfor AVHRR band 1 AOD rfear 630nm). AERONET does not
measure this wavelength directly, so the bands are interpolated spectrally, which adds negligible
additional uncertainty to the approximate 0.01 AOD uncertainty of the AERONET -8iuect

measurement.

For bothNOAA-18 and-14 AVHRR data, lte correlation coefficients are high in all
cases, and the median biases fairly small. The stdtisiilicates the fraction of points matching
AERONET within the expected errofEE), an envelope of(0.03+15% over aean and
+(0.05+25% over land for this first versiqron global average for both surface types. While
the exact sensitivity to various assumptions is quite dependent on the context of each individual
retrieval (i.e. aerosol loading and type, surfaoceer type, solar/view geometry, etc), these EE
envelopes provide a guideline fistder expectation of retrieval performance. Theyb@ased
on prior applications of the Deep Blue and SOAR algorittamgl the known limitations of the
AVHRR sensordqcf. Rao et al., 1989Tanréet al., 1992; Mishchenko et al., 1999, Hsu et al.
2004, 2013; Sayer et al. 2012a,b, 2017Bpecifically, proportion of retrievalswithin the
expected errocalculated separately for regions over ocean, vegetated land only and entire land
are 73.9%, 77.0%, and 7365 (NOAA-18) and 64.3%, 79.4% and 730 (NOAA-14),
respectively Uncertainties over ocean are smaller than those over land, due in large part to the
darker surface signal. Over land, performance is better when the data are subset to show only
vegetated matchups, for the same reason. These results demonstrate the applicabilitgey the D

Blue and SOAR algorithms to AVHRR measurements.

5. Conclusion
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To urderstand the effects of aerosols on climate and human health, satellite observations
are crucial in providingcontinuous temporal and spatial samplofgaerosol properties from
source tasink regiondor such studiesVith the advent of the EQ&ra sensarin thelate 1990s
an accurate lonrterm aerosol dataset frothese welcalibratedsatellite measurementgcame
possible. Howeverfor many climate studiethe EOS data recosdare not always of sufficient
lengthto adequately address the question of {texgh aerosol changes oegionalglobal scales.
Therefore, results using earlier satellite sensors such/atfRR, which provide nearly 4Qears
of measurements, are highly desirablerderto extend the datastir use inthesestudies This
earlier time period (from 1981 to 200@efore the launch oEOS satellits is particularly
important for understanding changes in the levels of aerosol loading ovehsigea large

fraction of globalkeconomic growtlover the past several decades basured

In this paper, we demonstrated a new approach to quantitatively retrieve, for the first
time, this much needed aerosol information from AVHRR over land and ocean on a global scale.
Our approach is an extension bétSeaWiFS/MODIS Deep Blue and SOAR aerosol algorithms.
Over land, we merge the use of NDVI with the framework of the minimal reflectance method to
account for the effects of changing vegetation in surface reflectance. Over ocean, a simplified
version of ®AR is employed for aerosol retrieval. Using these algorithms, our results show that
daily, seasonal, and annual distributions of AOD from AVHRR are in reasonable agreement with
those from MODIS, despite the limitations on its information content. Thed céoveening
scheme for AVHRR is also shown to be robust in distinguishing heavy aerosol plumes from

clouds, based upon the results of intercomparing daily AOD data from AVHRR and MODIS.

Extensive comparisons have also been performed between the AOD rethimged

from the AVHRR instruments on NOAA4 and-18 and the AERONET data. Using the
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calibration of Vermote and Kaufman (1995), our AVHRR AOD values show good agreement
with the AERONET dataver land and ocedior both theNOAA-14 (19951999) andNOAA-

18 (20062011) time periodsBased upon these comparisons, the expected error is estimated to
be +(0.03+15% over ocean andl(0.05+25% over land for this first versioaf AVHRR aerosol
products. Detailed evaluations of the AVHRR products are included danganion paper
(Sayer et al., 2017Db). For the next step, we plan to process the AVHRR time series by employing
different calibrationge.g., Heidinger et al., 2002; Wu et al., 2010; Bhatt et al., 2@1€yamine

the senseto-sensor consistency usingetimultiple overlapping years of data in order to ensure

the longterm stability of the aerosol data records.

Multiple years of the AVHRR Deep Blue aerosol products from NQAA-14 and-18

are now available via the Deep Blue project web ditgp$://deepblue.gsfc.nasa.gowrhis

dataset will eventually be able to provide nearly 40 years of aerosol data records from AVHRR
not only over ocean, but also over the entire clivad, snow/icdree land area, except for very
bright desert regions such as the Sahara and aridneeg@mothe Arabian Peninsula. When
combined with data from EG&a sensors such as SeaWiFS and MODIS, our AVHRR record
will providea critical piece in the construction of a consistent {targn aerosol data record for

deriving aerosol trends on both glolaald regional scales.
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Table 1. AVHRR channel names, approximate rangepeak spectral responsend shorthand
for central wavelengths indicated in this study. Note channel 3A is only present on the

AVHRR/3 sensors (NOAA15 onwards).

Number Range of peakpectral tHV SR QV H  Shorthand
1 0.58-0.68 630 nm
2 0.721.0 850 nm
3a 1.581.64 P
3b 3.553.93 P
4 10.3611.30 P
5 11.5612.50 P

Table2. Aerosol optical modeAOD ranges FMF valuessize distribution parameters,
refractive indicesandreferences for the AVHRR application of SOARar each model fine
mode parameters are on the first line and coarse the second.

Modal
Referenc FM AOD radius Refractive index
Model e F range P  Spread (550, 630, 840 nin
Lee et al 1.43G30.001, 1.43030.001,
Dust (2017) 0.1 0.155.0 0.19 0.44 1.43060.001
1.5430.0012, 1.543
2.0 0.51 0.0009, 1.5210.0006
Fine- Sayer et al 1.4300.0075%, 1.4360.0075,
dominated (2012a) 0.8 0.235 0.19 0.44 1.43G60.007%
2.75 0.65 1.3630i, 1.3630i, 1.3630i
Sayer et al 0.00% 1.4140.0021, 1.4130.0025,
Marine, 1 (2012a,c) 0.5 0.2 0.157 0.5 1.4080.0035
2.59 0.72 1.36%0i, 1.3580i, 1.35%0i
Sayer et al 0.00% 1.4140.0021, 1.4130.0025,
Marine, 2 (2012a,c) 0.7 0.2 0.157 0.5 1.4080.0035
2.59 0.72 1.36%0i, 1.3580i, 1.3570i
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956 Figure 1. Solar band spectral response functions for AVHRR/2 on NOAA11 (black), NOAA14 (red), and
957 AVHRR/3 on NOAA18 (blue). Spectral response functions are available from

958 https://www.star.nesdis.noaa.gov/smcd/spb/fwu/homepage/AVHRR/spec resp func/index.html
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Figure 2. Schematic diagram of cloud screening scheme uste iAVHHR Deep Blue oveland
algorithm.Acronyms indicate brightness temperatures (BT), BT differences (BTD), and reflectances (R)
at channel wavelengths denot&iibscripts max and min refer to the maximum and minimum values

within the 3x3 pixel area.
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Figure 3. Flowchart of the AVHRR Deep Blue land surface reflectance determination scheme.
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978

979  Figure 4. Seasonal mapsMOAA-18 AVHRR surface databasfiowing reflectance (%@t band 1 (630
980 nm) for (a) DecembeFebruary, (b) MarctMay, (c) JuneAugust, and (d) Septembblovember. Grid

981 cells without a valid value are indicated in white.
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Figure 5. Land surface typsfiowing where each surface reflectanapproachs applied. The seasonal
surfacereflectance database with scattering angle dependence is used for urbantrdnsitional land

surfacesdrangg, and 36day maximum NDVI database is used for vegetated surfaces (green).
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990 NDVI, and (c) MODIS Aqua Deep Blue AOD at 550 nm over part of the U.S. on 19 September 2006.
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yleigh-corrected NDVI Database (2006, DOY: 1-30)

b Rayleigh-corrected NDVI Database (2006, DOY: 91-120)
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993 Figure7. Maximum Rayleigkcorrected NDVI in four 3@ay windows in 2006. Day of year windows for
994  each plot are (a)-20, (b) 92120, (c) 181210, and (d) 27-B00, representative of boreal winter, spring,

995 summer, and fall respectively.
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Figure8. Median and central 68% interval of the difference between Rayteigected NDVI (NDVkc)
and atmosphereorrected NDVI (NDV,.) as a function of (a) 550 nm AOD, (b) ND¥| (c) air mass
parameter, and (d) scattering angle for the period from 2006 to 2&fbie (red) and after (blughe
correction ofaerosol signalén NDVIg.. Gray dots shownidividual datapointsused forthe uncorrected

data.All North AmericarAERONET sitesavailablefor the test periodre usedor this analysis
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Figure 9. Scatter density plots between benchmark surface reflectance (atmosploericattied TOA
reflectance) and estimated surfaefiectance from the maximum NDVI database over North America in
each season from 2006 to 2011. Statistics shown are the number of data points (N), Pearson coefficient

(R), rootmeansquare error (RMSE), and mean bias (MB).
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Figure 10. (a) MODIS Aquaue-color image, (b) MODIS AOD at 550 nm fronoflection § and (c) the
new AVHRR AOD at the same wavelength from NOAAL18, for a smoke event over South America on 7

September 2006.
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Figure 11. As Figure 10, except for a heavy dust/pollution mixdueat over Asia on 16 April 2006.
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Figure 12 Seasonal composites of NOAK8 AVHRR (left) and MODIS Aqua (right) AOD at

550 nm for the year 2006. Grid cells without sufficient data (see text) are shaded in grey.
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Figure 13.As Figure 12, exceptor showing the percentage of days within each season

containng sufficient AOD data for thedvel 3 grid cells to be populated (see text).
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Figure 14. Multiannual mean composites of AOD at 550 nm, for (a) NOAA18 AVHRR, (b)
SeaWiFS, and (c) MODI&qua, for their common overlap period (262610). Grid cells with

fewer than 24 months during this period containing valid monthly mean data are shaded in grey.
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Figure B. Scatter density histograms between AERONET and AVHRR AOD at babata

are shown separately for (a, ¢, €) NOAA18 and (b, d, ) NOAA14, for (a, b) SOAR ocean
retrievals, (c, d) Deep Blue land retrievals for vegetated scenes, and (e, f) all Deep Blue land
retrievals.Dashed lines indicate the expected error (EE) envelop&(0.03+15%) over water

and £(0.05+25% over land respectively Statistics indicate the correlation coefficient (R),
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median (AVHRRAERONET) bias, root mean square (RMS) error, data count (n), and fraction

of points matching within the EE)(



